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Abstract

We present a measurement of the isolated direct photon cross section in pp collisions
at /s = 1.8 TeV using data collected between 1994 and 1995 by the Collider Detector
at Fermilab (CDF). The measurement is based on events where the photon converts
into an electron-positron pair in the material of the inner detector, resulting in a
two track event signature. To remove 7’ — v and n — 77 events from the data
we have developed a novel background subtraction technique based in electron E/p.
We find that the shape of the cross section as a function of photon pr is poorly
described by next-to-leading-order QCD predictions, but agrees well with previous
CDF measurements. This is strong evidence that improvements in the calculation
are needed to explain the data.
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Chapter 1

Introduction

The subject of this thesis is a measurement of the isolated direct photon cross
section at the Fermilab Tevatron collider. The photon cross section is a classic test
of perturbative quantum chromodynamics (QCD), and has the potential to provide
valuable information on the non-perturbative structure of the proton. We begin
this chapter with an introduction to the photon cross section, and conclude with an
overview of the remainder of the thesis.

1.1 Introduction to the photon cross section

A schematic diagram of a proton - anti-proton (pp) collision is shown in Figure
1.1. The particles approach each other horizontally and interact at the center of the
Figure. At the Fermilab Tevatron the center-of-mass energy of the pp system is 1.8
TeV.

There are many possible results of the interaction. For example, the proton and
anti-proton may deflect from their straight trajectories without creating any new
particles. This type of reaction is known as elastic scattering. In this thesis we will
be interested in inelastic events where the collision produces a large number of new,
and sometimes unstable, particles. In a small fraction of inelastic events a high energy
photon will be produced with a large momentum transverse to the axis of the two
beams. This is the situation illustrated in Figure 1.1. It is the goal of this thesis to
measure the cross section for this to occur as a function of the transverse momentum
of the photon.

Our reasons for studying pp collisions fall into two large categories. In 'particle
measurements’ we attempt to understand the properties, behavior, and interactions
of the particles produced in the collision. For example, we may be trying to under-
stand the weak force by studying the W and Z bosons which transmit it. In these
measurements the pp collision is simply a convenient manner for producing the par-
ticle of interest. In 'production measurements’ we are not interested in the produced
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anti—proton >/ o proton

hadronic recoil

Figure 1.1: Diagram of a proton - anti-proton collision. The particles approach
each other along the horizontal and interact at the center of the Figure. In the
collision shown here a photon is produced transverse to the beamline. A number of
other particles are also produced in the opposite direction, as required by momentum
conservation in the transverse plane.

particle itself as much as we are interested in the mechanism by which it was cre-
ated. Here we are trying to understand the dynamics of the collision itself. These
dynamics are governed by QCD, and production experiments are necessarily tests of
QCD. Moreover, since QCD is by now a well established theory, modern production
experiments primarily test of our ability to calculate with the theory. The photon
cross section measurement is a production experiment.

The proton is a composite particle made up of quarks, anti-quarks, and gluons,
known collectively as partons. Strictly speaking it is the interactions of the partons
which is predicted by QCD. In a high energy pp collision the partons in the proton can
be considered to be free particles, and the result of the collision can be predicted by
assuming that the interaction takes place between a single parton from the proton and
a single parton from the anti-proton. In general the reacting partons do not carry the
entire momentum of the pp system, so in a given collision the center-of-mass energy
of the hard scattering is often much smaller than the sum of the beam energies. Since
the observed reaction cross sections depend both on the center-of-mass energy of the
collision, and on the species of partons involved, in order to predict the results of
the collision we must know the probability of finding each parton species inside the
proton and its momentum distribution. The momentum distributions of the various
partons inside the proton are known as the parton distribution functions (PDFs). An
example of a proposed PDF for the gluon is shown in Figure 1.2.
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CTEQ4M Parton Distributions

N
|

R
|

Q=100 GeV
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0
10 107° 1072 0.1 0.2 0.3 0.4 0.5

Parton x

Figure 1.2: An example of the gluon distribution of the proton, proposed by the
CTEQ collaboration [1]. The variable on the x-axis is parton x, which is the fraction
of the proton’s momentum which is carried by the gluon. The two curves correspond
to two different energy scales at which the PDF may be evaluated.

The form of the PDFs should be predicted by QCD itself since they are the
result of the strong dynamics which bind the partons into the proton. However, the
strong force is non-perturbative at low energies, so only lattice QCD calculations are
feasible. In lieu of this, we attempt to extract the PDFs in an empirical manner
from the observed cross sections themselves. This sounds like a circular procedure,
since we hope to use the PDF's to predict the cross sections, but the agreement of a
wide variety of measurements on the same PDFs confirms that they are fundamental.
Furthermore, the exact form of the PDFs depend on the energy scale of the collisions
involved, and this dependence is correctly predicted by perturbative QCD. This serves
as a check on the soundness of the formalism.
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Photon production is a unique process in that it depends on the gluon PDF at the
lowest order in perturbation theory. The gluon distribution is poorly known, so we
hope to utilize the photon cross section to constrain it. Unfortunately this program
has been difficult to realize. Photon experiments have found that the observed cross
section is not in good agreement with next-to-leading order QCD calculations, even
allowing for the uncertainty in the gluon PDF. Therefore the nature of the gluon
inside the proton remains an open question for the time being. The final result of
this thesis continues this trend, with the measured cross section being larger than
most predictions.

1.2 Overview of the thesis
The thesis is organized in the following manner.

e Chapter 2: Review of theory and formalism of direct photons.
e Chapter 3: Description of the accelerator and CDF detector.

e Chapter 4: Definition of event variables and the cuts used to isolate the final
data samples.

e Chapter 5: Description of the Monte Carlo simulation.

e Chapter 6: Results of the background subtraction used to remove meson decays
from the data sample.

e Chapter 7: Calculation of the acceptance and efficiency to retain signal events
after all cuts are applied.

e Chapter 8: Evaluation of the total conversion probability.
e Chapter 9: Evaluation of the systematic errors.
e Chapter 10: Cross section measurement and comparison with theory.

e Chapter 11: Conclusions



Chapter 2

Direct photon theory

In this chapter we begin with a brief review of the methods used to calculate ob-
servables in QCD. We then describe the physics of direct photons at hadron machines,
and specifically at hadron colliders.

2.1 QCD scattering formalism

With quantum chromodynamics it is possible to calculate the cross sections for
processes which involve hadronic particles in the initial or final state. If the process
is written as

A(pa) + B(pg) — C(pc) + X (2.1)

where A, B, and C are initial and final state particles, pa, pg, and pe, are their
momenta, and X represents all unobserved particles, then according to the parton
model the cross section may be written as

do
Cdgpc B
9 9 9y & do
Z/ dra dvy dze faya(a, 107) fors (e, 117) Deye(ze, pr) — = —7 (ab — cd)
abed ZCW dt
x0(3 4+t +a) (2.2)

In this expression, a,b,c,and d are the partons which participate in the hard scat-
tering process and 3, £, and @ are the Mandelstam variables defined by § = (p, +ps)?,
t = (pg — pe)?, and @ = (py — pe)?. The delta function is the appropriate phase space
expression for two-body scattering and ensures energy conservation.

faja(2a, ) is the parton distribution function (PDF) which gives the probabil-
ity of finding parton a within hadron A with momentum fraction x,. The PDF is
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evaluated at the factorization scale ufc. The dependence of the PDF's on this scale is
an artifact of the procedure for handling certain mass singularities in the calculation.
For example, consider an initial state quark line which radiates a gluon. If the gluon
becomes collinear with the quark, then the internal quark line will be on-shell and
there will be a correction proportional to Ins/ mgmrk. However, in QCD the quarks
are considered to be massless, so this term invalidates the calculation. The factoriza-
tion theorem holds that these singularities are universal in that they are the same for
all processes, and can be absorbed into the PDFs. The PDFs are not calculable in
QCD, so they must be determined empirically from experiment. However, their de-
pendence on the factorization scale is governed by the DGLAP|2] evolution equations,
so PDF's measured at one scale can be used to predict the results of experiments at
other scales.

De¢ye(ze, ©%) is the fragmentation function which gives the probability that parton
¢ will produces final state particle C' with momentum fraction z¢ during the fragmen-
tation process. u% is the fragmentation scale analogous to the factorization scale Mfc.
Like the PDF's, fragmentation functions are not calculable but their scale dependence
is. If the final state observable C' is directly associable with the hard scattered par-
ton, as in the case of jet production, then no fragmentation function is necessary to
compare theory and experiment. Final state photons can also be produced in the
hard scatter, and this process requires no fragmentation function. However, photons
are also produced during the fragmentation of quarks and gluons, and the inclusive
photon cross section depends on D, /, and D, ,.

The partonic cross section do/dt(ab — cd) is a function of the Mandelstam vari-
ables and must be calculated to a given order in perturbation theory by including
all the appropriate Feynman diagrams. For example, the process q¢ — ¢'¢’ has one
leading order Feynman diagram, and its cross section is

do - 7Ta§452+112
01— d7) = 55— (23)

In this expression «y is the strong coupling constant. The effect of higher order
diagrams may be included by introducing a running coupling constant a4(Q?). The
dependence of the running coupling constant on Q)2 is specified by the renormalization
group equation:

dQS(Q2) 2
T = Ale(@)) (2.4)

The function # must be calculated at each order in perturbation theory. To two
loop order (3 is given by/[3]

Q2

B(s(Q%)) = —boas(Q%) — 0103(Q7) (2.5)

and the first two perturbative constants are
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332N 153 — 19N

by = —0 "7 2.
12r ! 2472 (2.6)

where Ny is the number of quark flavors with m] < Q*. At leading order (that is,
by = 0), the renormalization group equation is solved by

bo

1
b In(Q?/Adep)

Here Agep sets the scale of the QCD interaction, and is typically chosen to be ap-
proximately 200 MeV. In this leading order expression a change in Q? of order one
(for example, Q* — 4Q?) results in a change of a; of order . For this reason, lead-
ing order QCD calculations are highly unstable and are not useful for quantitative
comparisons with experiment. Fortunately, next-to-leading order (NLO) calculations
are available for almost all processes of interest, and some next-to-next-to-leading
order calculations have now been performed.

We see that a typical QCD calculation involves up to three arbitrary scales: the
factorization scale, the fragmentation scale, and the renormalization scale. If a given
calculation were carried out to all orders in perturbation theory, then the final result
would not have any dependence on these scales. By truncating the perturbation series
at a fixed order we are left with predictions which exhibit a residual dependence on
the scales. This variation is a measure of the size of the uncalculated terms in the
expansion. Of course, the best method of estimating the error on the result is to
calculate the next term in the series and confirm that it is small.

There is no compelling reason why all three scales must be exactly the same.
However, the scales should not be chosen to be very different from each other because
this would introduce an unphysical hierarchy into the problem. A common choice is
to set all three scales equal to the pr of one of the final state objects (particle or jet)
which is observed by the experiment. Another procedure is to choose each scale such
that the cross section has no first-order dependence on the scale: do/du?(ud) = 0.
This procedure, known as optimization[4], assumes that if the known terms in the
perturbative expansion do not depend on p? to first order, then the unknown terms
will have a very small dependence. Some cross sections have no such extrema, or
the extrema occur for unphysical values of 2, and in the optimization scheme these
calculations are considered unreliable.

as(Q?) (2.7)

2.2 Direct photon physics

Photons offer some unique advantages over jets for the study of QCD physics at
hadron machines. First, the number of initial and final states for photon production is
relatively small. The four tree-level diagrams for the direct production of photons at
hadron colliders are shown in Figures 2.1 and 2.2. Two of the diagrams are the QCD
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Figure 2.1: Compton diagrams.
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Figure 2.2: Annihilation diagrams.
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analog of Compton scattering in QED, and the other two are due to ¢¢ annihilation.
This is in contrast to jet production, where all possible 2 — 2 processes contribute
to the cross section. Secondly, the presence of the electromagnetic vertex in the
photon diagrams makes the perturbative calculation more reliable, since this coupling
is smaller than the strong coupling constant .

Photons also offer some experimental advantages. Since photons do not hadronize,
they represent a direct probe of the hard scattering without ambiguities due to jet
definitions. Furthermore, photon energies can be measured with electromagnetic
rather than hadronic calorimeters, resulting in greatly improved energy resolution.

In addition to being directly produced in the hard scattering, photons may also
be produced during the fragmentation of a final state parton as shown in Figure 2.3.
These processes are described as 2 — 2 hard scattering convoluted with the fragmen-
tation functions D, , and D, /.. Since fragmentation functions are non-perturbative,
their appearance partially spoils the theoretical simplicity of direct photon physics.

The fragmentation functions are determined in the following way. Diagrams with

7
q g g i:::::::] > q

Figure 2.3: Bremsstrahlung diagrams.
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prompt photon radiation from a quark line (such as the diagram on the right in
Figure 2.3) are calculated perturbatively. This process is experimentally constrained
by eTe™ — qqv studies at LEP and other electron machines[18]. Secondly, photons
produced during the soft QQCD of hadronization (shown schematically on the left
in Figure 2.3) are modeled with the vector meson dominance (VMD) ansatz[19].
VMD states that in certain circumstances photons can be considered to be a linear
combination of vector mesons such as the p(770), w(782), and ¢(1020). Therefore D, ,
is determined from D,/,, D, 4, and Dy, which are measured at e*e™ machines[20].
The dependence of the fragmentation functions on the fragmentation scale is then
given by NLO evolution equations. Finally, high z fragmentation photons have been
observed inside jets by ALEPH[21] providing a direct check of the formalism.

The experimental study of photons is also complicated by the prompt two photon
decay of light mesons such as the 7% and 7. These particles interact strongly, so they
are produced in great numbers at hadron machines. All photon experiments must
have highly effective methods to eliminate these decays from their datasets.

The primary motivation for most photon measurements is their potential to con-
strain the gluon distribution of the proton (g(x)). This is due to the gluon’s appear-
ance in the initial state of the tree level compton diagrams. The compton diagrams
dominate the photon cross section at low-to-moderate pr, as shown in Figure 2.4, so
photon production is a strong candidate process to reveal g(z).

Deep inelastic scattering (DIS) and Drell-Yan experiments can also constrain the
gluon, but since lepton probes do not couple directly to color charge these measure-
ments rely on higher order effects. Nevertheless, data from ZEUS, H1, and other
DIS experiments have placed significant constraints on g(z) at small x where gluons
are numerous. Above x = 0.1, however, there is little information from DIS, and
variations of up to 50% are consistent with the data. This is illustrated in a study by
the CTEQ collaboration [29] shown in Figure 2.5.

Serious attempts to extract g(x) from photon data became possible in the mid
1980’s when the NLO QCD calculation was completed[22]. Since that time, a large
variety of experiments have measured the photon cross section at both fixed target
and collider energies. A list of relevant experiments is given in Table 2.1, and a
compilation of their data (taken from reference [17]) is shown in Figure 2.6. Fixed
target experiments offer the greatest potential for constraining the gluon at high x
due to their large interaction rate, and about half a dozen experiments have published
data which is sensitive at x > 0.1.

Unfortunately, these data have yet not resolved the question of the gluon distri-
bution. This is because not all the data are in good agreement with the NLO QCD
prediction, and no reasonable variation of g(x) is sufficient to bring them into agree-
ment. Generally, the measured cross sections lie above the theoretical predictions.
This is particularly true in the case of the E706 data, where excesses of up to a factor
of five are observed.

The fact that some experiments observe an excess cross section has led to spec-
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Figure 2.4: The relative contributions of the three photon processes as a function
of pr, for pp collisions at /s = 1.8 TeV. The bremsstrahlung process, labelled frag-
mentation here, is suppressed by an isolation cut, as discussed in section 2.3. These
curves are approximate.
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Figure 2.5: A study of the uncertainty of the gluon distribution of the proton, by the
CTEQ collaboration [29].
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Figure 2.6: A compilation of photon data from many experiments compared to NLO
QCD predictions. To compare measurements at different values of /s, the data is
plotted as a function of xy = 2pr/4/s. This variable is approximately equal to the
gluon momentum fraction of the proton to which the data is sensitive. The CDF and
DO data shown here are from Run Ia (1992-93). This plot is taken from reference
[17].
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Experiment Accelerator initial state NG year ref
RS806 ISR op 63 Gev 1982 5|
WA70 SPS op 23 GeV 1988  [6]
UAIL SppS P 630 GeV 1988 [7]
R110 ISR pp 63 GeV 1989 [§]
RS07 ISR p 63 GeV 1990 [9]
UA2 SppS P 630 GeV 1991 [10]
UAG6 SppS pp 24.3 GeV 1998 [11]
UAG6 SppS P 24.3 GeV 1998 [11]
E706 Tevatron fixed target pBe 31.6 GeV 1998 [12]
E706 Tevatron fixed target pBe 38.8 GeV 1998 [12]

DO Tevatron collider D 1800 GeV 2000 [13]
DO Tevatron collider pp 630 GeV 2001 [14]
CDF Tevatron collider D 1800 GeV 2001 [15]
CDF Tevatron collider D 630 GeV 2001 [15]

Table 2.1: Direct photon experiments.

ulation that the initial state partons may possess a small amount of transverse mo-
mentum (kr) before scattering[23], [12]. If this is the case, the smearing of the initial
state center-of-mass energy would increase the cross section because of its steep slope
as a function of pr.

The colliding partons may possess some ’intrinsic k7" due to the fact that they
are bound within a nucleon of finite size. However, this effect is believed to be too
small to explain the observed enhancement. Another possibility is that the initial
state partons radiate soft gluons before scattering. In this case the recoil of the
system would give rise to an effective ky which is not properly accounted for by
conventional NLO QCD calculations. Some theorists have estimated that this effect
could account for the observed discrepancies[24]. However, a complete and rigorous
treatment requires a full re-calculation of the NLO matrix elements.

It should be noted that the k7 hypothesis remains somewhat controversial. The
authors of reference [25] take the following approach. They argue through optimiza-
tion that the NLO QCD calculation is not reliable for all the data points measured by
the experiments. They disregard these data, and find that among the remaining data
only the E706 experiment is anomalous. They also argue that E706 is inconsistent
with other experiments, and conclude that no serious discrepancy exists between data
and theory.
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2.3 Photon calculations for hadron colliders

Photon experiments at the Fermilab Tevatron collider (pp at /s = 1.8TeV)
face difficulties not found in fixed target experiments.! For example, fixed target
experiments generally measure the cross section for photon pr less than 10 GeV. At
these energies, the background 7° — ~v+ and n — ~v decays produce two photons
which can be resolved by the calorimeter. Collider experiments must contend with
meson decays at energies from 10 to 100 GeV where the two showers overlap in the
calorimeter and cannot be rejected on an event-by-event basis. Consequently collider
measurements must perform a statistical background subtraction in order to measure
the cross section.

In addition, the presence of hadronic jets at collider energies complicates the
observation of the 'bremsstrahlung’ process, where a photon is produced during the
fragmentation of a quark or gluon. These photons are usually found inside a jet
where they are difficult to identify. Furthermore, the trigger rate for this process
would overwhelm typical data acquisition systems due to spurious triggers caused
by 7%s and n’s. Therefore collider experiments do not attempt to measure the fully
inclusive photon cross section. Instead they measure the ’isolated” part of the cross
section, where the photon is found far away from other hadronic activity in the event.?

This experimental reality necessitated a great deal of theoretical work to imple-
ment an isolation cut on the calculation, and a simple and consistent NLO treatment
became available in the mid 1990s[26], [27]. The isolated cross section is calculated
from the fully inclusive cross section by introducing a subtraction term as follows:

dos° = dogy — dos(6, €) (2.8)

In this expression 0 is the isolation cone radius surrounding the photon, and ¢ is the
ratio of hadronic energy to the photon energy which is allowed inside the cone. At
leading order one may introduce the isolation cut simply by changing the lower limit
of the integral over Z¢ in equation 2.2. At next-to-leading order (2 — 3 processes) one
must consider the possibility that the third parton in the final state may contribute
energy to the isolation cone. In this case an approximate but accurate expression for
the dependence of do3 on § and € is [27]

dos'*(6,¢) = Alné + B+ C6%Ine (2.9)

where A, B, and C' are functions of the kinematic variables.

'Needless to say, fixed target experiments also involve unique experimental challenges.

2Fixed target experiments also apply some minimal isolation cuts, such as requiring that no tracks
point at the photon candidate in the calorimeter. These cuts are generally less restrictive than the
isolation cuts applied by collider experiments, and the fixed target cross sections are corrected for
their inefficiency.
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Despite the theoretical difficulties introduced by the isolation cut, it has the fortu-
nate side effect of reducing the contribution of the poorly-understood bremsstrahlung
diagrams to the cross section. At the Tevatron collider the bremsstrahlung diagrams
are expected to contribute about 20% of the isolated cross section at 15 GeV, whereas
they are responsible for up to 50% of the fully inclusive cross section|[28].

2.4 Photon measurements at the Tevatron collider

In recent years the DO and CDF collaborations have performed measurements of
the isolated photon cross section at both /s = 1800 GeV and 630 GeV . Two tech-
niques are employed to subtract the 7% and 7 decays from the data. The longitudinal
segmentation of the D0 calorimeter can be used to determine at what depth the pho-
ton candidate initially converted into an electron-positron pair. Since a two-photon
shower will begin earlier, on average, than a single photon shower, this information
can be used to measure the signal to background ratio of a given photon sample. The
CDF electromagnetic calorimeter is not longitudinally segmented, but it does have a
pre-shower detector located between the solenoid and the calorimeter which can be
utilized in a similar fashion. Furthermore, the CDF calorimeter has a layer of strip
and wires chambers embedded at a depth of six radiation lengths which provide a
measurement of the transverse size of the shower at shower maximum. At low pr, a
79 or n shower will appear to be broader than a single photon, and this information
can be used to subtract the mesons from the photon sample below 35 GeV. The CDF
and DO cross section measurements are in agreement with each other, but both see
an excess of events at low py compared to NLO QCD.

In this thesis we report on a new measurement of the isolated photon cross section
in pp collisions at /s = 1.8 TeV using data collected with the CDF experiment. The
new measurement uses events where the photon converts in the detector material
before the central tracking chamber. The resulting electron and positron are recon-
structed by the tracking chamber as well as the calorimeter. These type of events
are explicitly rejected by conventional photon analyses, and therefore they represent
a statistically independent data sample. In addition, the redundant tracking and
calorimeter measurements make possible a novel background subtraction technique.
Specifically, in a single photon event the p;y measured by the tracking chamber will
be consistent with the Fp measured by the calorimeter. In a meson decay, however,
the second unconverted photon deposits extra energy in the calorimeter not seen by
the tracking chamber. This 'E/p’ background subtraction relies on our understand-
ing of 7 and 7 decay kinematics, and is largely independent from the shower shape
variables used by previous measurements. Therefore the new measurement provides
a good test of the standard background subtraction techniques.

The conversion measurement suffers from small statistics - the inner detector was
designed to be light, so only about 5% of all photons convert before the tracking
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chamber. However, the photon cross section is very large at low pr, so we are not
statistically limited in this region. Furthermore, much of the physics interest in the
cross section is focussed on the low pr region due to the previously observed anomaly,
so a new measurement which is sensitive only in this region is quite useful.

In terms of the gluon distribution of the proton, collider experiments have less
sensitivity than fixed target experiments in the high x region. The x region probed is
given roughly by 2pr/4/s, so measurements at the Tevatron collider are sensitive to x
between 1072 and 107!, In this region there are already significant constraints on the
gluon from DIS experiments. Nevertheless, collider measurements are still useful since
they provide independent information. Moreover, since many photon measurements
are in poor agreement with NLO QCD calculations, collider data can provide a testing
ground for new ideas which hope to reconcile theory and experiment.
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Experimental Apparatus

The data for this thesis was collected by the Collider Detector at Fermilab (CDF),
a general purpose experiment designed to study pp collisions at /s = 1.8 TeV. The
collisions are produced by the Fermilab Tevatron accelerator. The data was collected
in 1994-95, a period known as Run Ib. In this chapter we describe briefly the ac-
celerator and the detector, with emphasis on those aspects which are of particular
relevance to the photon cross section measurement.

3.1 The accelerator

A schematic drawing of the Fermilab accelerator complex is shown in Figure 3.1.
The proton beam begins as a collection of H~ ions produced by ionizing hydrogen gas.
The ions are electrostatically accelerated to an energy of 750 keV with a Cockecroft-
Walton device. A linear accelerator (linac’) brings the ion energy to 400 MeV, at
which time electrons are stripped from the ions to produce a proton beam. The
protons are inserted into a synchotron with a radius of 75 meters known as the
booster, where they are further accelerated to 8 GeV and formed into bunches. Six
bunches are then injected into the main ring, another synchotron with a radius of
one kilometer. The main ring accelerates the protons to 150 GeV and delivers them
to the Tevatron. The Tevatron is an accelerator located in the same tunnel as the
main ring, and therefore has the same radius. Unlike the main ring, the Tevatron
magnet coils are made from a niobuim-titanium alloy wire, a material which becomes
superconducting when cooled to four degrees kelvin. This allows for a larger dipole
field (up to 4.2 Tesla), and consequently the Tevatron can store a proton beam with
energies up to 980 GeV. The data used in this measurement was collected with a final
beam energy of 900 GeV.

The anti-proton beam is created by extracting protons from the main ring at an
energy of 120 GeV and colliding them with a fixed target. Many types of particles
are produced in the collisions, and occasionally an anti-proton is produced. The anti-

17
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Figure 3.1: A schematic drawing of the Fermilab accelerator complex.

protons are collected by a triangular shaped synchotron known as the debuncher,
which has a mean radius of 75 meters. The debuncher reduces the momentum spread
of the anti-protons through stochastic cooling, producing a monochromatic 8 GeV
beam. The anti-protons are transferred to another 75 meter synchotron called the ac-
cumulator which cools the beam further and stores it for later use. Approximately 10°
protons-on-target are required to collect one anti-proton in the accumulator. When an
anti-proton beam of sufficient intensity has been created, six bunches of anti-protons
are transferred to the main ring traveling in the opposite direction as the protons.
The main ring accelerates the bunches to 150 GeV, and then injects them into the
Tevatron where they are accelerated to their final energy of 900 GeV.

The proton and anti-proton bunches are focussed with quadrupole magnets and
made to collide every 3.5 us at the center of the CDF detector, which surrounds the
beam pipe. A typical proton bunch contains 2 x 10! particles, while a typical anti-
proton bunch contains 2 x 10'° antiparticles. During Run Ib, the maximum collider
instantaneous luminosity was ~ 2.8 x 103'em~=2s71. At these luminosities, an average
of 2 or 3 pp interactions occur in each beam crossing. The interactions are distributed
along the z axis of the detector in an approximately gaussian shape with width ~ 30
cm.



Chapter 3: Experimental Apparatus 19

CDF
Detector

Forward
(Not-To-Scale)

.4— Silicon Vertex Detector
n=42

INTERACTION POINT

Figure 3.2: One quarter of the CDF detector. The detector is forward-backward
symmetric, and has azimuthal symmetry about the z axis.

3.2 Detector Overview

One quarter of the CDF detector is shown in Figure 3.2. In this view the protons
and anti-protons travel along the z axis and collide at the interaction point in the
lower left corner. The detector is forward-backward symmetric, and has azimuthal
symmetry about the z axis. The positive z axis of the CDF standard coordinate
system is defined by the direction of the proton beam, which points east, while the x
axis points north, and the y axis up. In Figure 3.2, the variable n (pseudo-rapidity)
is related to the polar angle 6 by

n = —Intan (6/2) (3.1)

The detector is a hybrid magnetic spectrometer-calorimeter. The spectrometer is
composed of a silicon vertex detector, a vertex time projection chamber, and a large
open-cell drift chamber located inside an approximately uniform solenoidal magnetic
field of 1.4 Tesla. The calorimeter is divided longitudinally into electromagnetic and
hadronic modules, and is further subdivided in 77 and ¢ into projective towers which
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point back to the nominal interaction point at z = 0. The calorimetry is outside
of the superconducting solenoid, and in the central region (|n| < 1) particles pass
through the solenoid coil before reaching the calorimeter. Additional layers of drift
chambers outside the calorimeter are used for muon identification. A layer of steel
outside the central calorimeter provides shielding for a final layer of muon chambers,
and also acts a flux return for the solenoid.

3.3 Tracking

The CDF tracking system consists of three subdetectors. The largest of these is
the Central Tracking Chamber (CTC), an open cell drift chamber whose purpose is
to reconstruct with high efficiency the trajectories of central charged particles with
transverse momentum greater than 400 MeV. Inside the CTC sits the Vertex Time
Projection Chamber (VTX), and the Silicon Vertex Detector (SVX), which provide
precise vertex information. We describe these detectors in detail below.

3.3.1 The Central Tracking Chamber (CTC)

The CTC is a cylindrical drift chamber which occupies the region between r = 28
cm and r = 138 cm and |z| < 1.6m, which provides for charged particle tracking out
to |n| < 1.1. 84 layers of sense wires run between the endplates located at z = +1.6m.
The layers are grouped into cells, and the cells are arranged into superlayers, as shown
in Figure 3.3. Of the 84 layers, 60 are parallel to the z axis and provide track position
information in the x-y plane. These axial layers are arranged in 5 superlayers of 12
wires each. The remaining 24 layers are tilted by £3° from axial, and provide both
r¢ and z information. These stereo layers are arranged into four superlayers of six
wires each.

Charged particles travel on a helical trajectory in a uniform magnetic field. A
helix is described by 5 parameters, and at CDF the parameters are labelled crv, dy,
¢o, cot B, and zy. The first three parameters describe the circular projection of the
helix in the x-y plane, and are shown schematically in figure 3.4. crv is the inverse
diameter of the circle and is signed according to the track charge. dg is the signed
impact parameter, and ¢q is the azimuthal direction of the particle at the point of
closest approach to the origin. The sign convention of the impact parameter is as
follows: for a positive particle the impact parameter is positive if the circle does not
contain the origin; for a negative particle the impact parameter is positive if the circle
does contain the origin. cot# and z, are the cotangent of the polar angle and the z
position of the particle at the point of closest approach to the z axis.

Track reconstruction begins by searching for sets of hits on sense wires within a
single axial superlayer which form a line segment. Next, line segments found in all
five axial superlayers which fall on the arc of a circle are joined to form an axial track.
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Figure 3.3: An x-y view of the CTC endplate. Each line represents one cell; the cells
are arranged into nine superlayers. The five wide superlayers are axial; each axial
cell contains 12 sense wires. The other four superlayers are stereo; each stereo cell
contains six sense wires.

The hit information from the stereo layers is added to measure zy and cot 6. Because
the stereo superlayers have only six sense wires each, it is inefficient to search for
stereo line segments. Instead, individual stereo hits are attached to the axial tracks.
The efficiency of this process is enhanced if the zy of the track is already known, so
the reconstruction code begins by assuming that the track originated at one of the
vertices found by the VTX. After all possible hits have been attached to the various
tracks, a final fit is performed and the five helix parameters are extracted along with
an estimate of their errors.

The transverse momentum (pr) of a particle is inversely proportional to the cur-
vature of its trajectory, where the proportionality constant is determined by the
magnetic field. For the 1.4 Tesla field at CDF, the conversion formula is
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A

Figure 3.4: A schematic diagram of the five helix parameters. On the left is an r-z
view of the CTC, with the horizontal line being the z axis. The heavy arrow is the
particle trajectory. On the right is an x-y view, with the cross at the center of the
circle being the origin.

0.002116GeV/em
pr =

(3.2)
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where crv is the curvature. The full 3-momentum is then given by

p = pr\/1+cot?6 (3.3)

3.3.2 The Vertex Time Projection Chamber (VTX)

The VTX is composed of eight octagonal time projection chambers stacked end-
to-end in the z-direction. A diagram of one VTX module is shown in Figure 3.5.
The modules are located inside the inner diameter of the CTC, occupying the space
from r = 11 em to r = 25 cm and |z| < 1.44 m. Anodes are located at each end
of the module, and ionized electrons drift along the z axis to a plane of sense wires
and cathode pads located at the center of the module. The wires planes in each
octant run azimuthally, and therefore the ¢ resolution of the chamber is poor. The
z information, which is measured by timing the electron drift, is precise because the
drift velocity is well-known, and the radial information is measured by the wires and
pads. Consequently the VTX is efficient for reconstructing tracks in the r-z plane.
These tracks are projected to the z axis and the position of the interaction vertices
is measured to within one millimeter.

As noted above, the z position of the vertices found by the VTX is used to improve
the stereo pattern recognition of the CTC. We will also use the VI'X event vertex to
convert the total energy measured by the calorimeter to transverse energy.
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Figure 3.5: A diagram of one VI'X module. On the left is a view of the module in
the x-y plane, showing the orientation of the sense wires. On the right is an r-z view
of one octant of the module, showing the direction of the electron drift to the sense
plane and cathode.

3.3.3 The Silicon Vertex Detector (SVX)

The SVX detector is a silicon microstrip device which provides precise r¢ tracking
information close to the interaction point. The silicon sensors are assembled into
ladders which are 25.5 cm in length. The ladders are held at each end by a beryllium
bulkhead, and four layers of ladders form one barrel. The entire device consists of
two identical barrels covering a region between r = 3 cm and r = 7.8 cm. The barrels
meet at z = 0, where there is a gap of 2.15 cm for read-out cables. A diagram of a
barrel and a ladder is shown in Figure 3.6.

The silicon strips run along the z axis, and therefore provide r¢ tracking informa-
tion. A charged particle passing through an active silicon layer creates electron-hole
pairs which are observed as a current in the affected strips. Typically a current is
found in more than one strip, so several strips are combined together to form a hit
cluster. The particle position is taken to be the centroid of the cluster, which is
measured by weighting each strip by its collected charge. The position resolution of
a cluster is about 15 um. These clusters are used to improve the impact parameter,
pr, and ¢q resolution of tracks which were found by the CTC.

For the photon cross section measurement, we will be concerned mostly with the
tracks of conversion electrons. These particles are produced when a photon converts
into an electron-positron pair in the material of the beam pipe, SVX, VTX, and CTC
inner cylinder. Since many of these conversions occur outside the SVX, we will not
attempt to attach SVX clusters to any of these tracks. Instead, we use the SVX to
measure the location of the beam on a run-by-run basis, and when we reconstruct a
conversion photon, we require that it point back to the beam spot. This constraint
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Figure 3.6: The SVX detector. The upper diagram shows a barrel, which consists of
four layers of silicon ladders mounted at each end on beryllium bulkheads.The lower
diagram is a close-up view of a ladder.
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Figure 3.7: Schematic diagram of the n¢ segmentation of the CDF calorimeter. The
shaded regions at high n have only partial depth coverage.

improves the momentum resolution of the CTC without explicitly attaching silicon
clusters to conversion tracks.

3.4 Calorimetry

As shown in Figure 3.7, the CDF calorimeter is subdivided in 7 into central, wall,
plug, and forward detectors. We will measure the photon cross section in the central
region, so we use the central calorimeter to measure the photon energy. We use the
central, wall, and plug calorimeters to measure the isolation of the photon, and all
four calorimeters are used to measure Hr .

3.4.1 Central Electromagnetic Calorimeter (CEM)

The CEM is a sampling calorimeter designed to measure accurately the energy of
central photons and electrons. The detector is composed of 48 identical wedges, each
of which subtends 15° in ¢ and 246 cm in z. Twelve wedges stacked together form an
arch. and the four arches meet at z = 0 and x = 0 to form one barrel which covers
In| < 1. Because the arches meet at z = 0, the region |z| < 4 cm is uninstrumented.
This is known as the 90° crack. There are also smaller cracks between the wedges due
to their steel skins. For accurate energy measurements we will avoid events which
have electromagnetic showers in these regions.

The CEM is located outside the solenoid beginning at a radius of 173 cm. A
diagram of a CEM wedge is shown in Figure 3.8. The active volume of the wedge
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Figure 3.8: A diagram of a single CEM wedge. The ten towers are labelled 0 through
9, and the location of the CES strip chambers is also shown.

consists of a stack of 30 1/8 thick lead plates interleaved with 5 mm thick polystyrene
scintillator. The scintillator is divided in z into ten projective towers, each of which
subtends approximately 0.1 units of 1. The scintillator is attached to wavelength
shifters at both azimuthal ends, and each wavelength shifter is observed by a photo-
tube. The higher n towers have selected layers of lead replaced with acrylic in order
to keep the amount of absorber constant as a function of polar angle.

The towers in the wedge shown in Figure 3.8 are labelled 0 through 9. Tower 9
is incomplete; it has only about 60% of the absorber and scintillator that the other
towers have. We consider this tower to be outside the fiducial volume of the detector.
In addition, one wedge is missing two towers in order to allow cryogenics and power to
reach the solenoid. This region is known as the chimney module, and is also excluded
from the fiducial region.

As shown in Figure 3.8, a proportional strip chamber (CES) is inserted into the
stacks between the eighth layer of lead and the ninth layer of scintillator. This
location is at a depth of six radiation lengths, and corresponds to the longitudinal
shower maximum. A detailed view of a CES chamber is shown in Figure 3.9. The
chambers consist of crossed anode wires and cathode strips. The wires run along z
spaced at 1.45 cm and measure the azimuthal position of the electromagnetic shower
within the CEM wedge. The cathode strips run in the ¢ direction and measure the
z position of the shower. The cathode spacing is 1.67 c¢m in towers zero through
four, and 2.01 c¢cm in towers five through nine. We will use the CES for electron
identification and to identify multiple showers occurring in one CEM tower.
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Figure 3.9: A detailed view of one CES chamber.
The CEM energy resolution is described by

The first term was measured in a test beam, and the second term accounts for tower-
to-tower variations. s has been measured to be 1.6 £ 0.3%.

3.4.2 Central and Wall Hadronic Calorimeters (CHA and
WHA)

The CHA and WHA are sampling calorimeters located behind the CEM which
provide for hadronic energy measurements out to |n| < 1.3. The CHA is contained
within the same wedges that house the CEM, while the WHA is an independent unit.
As shown in Figure 3.2, towers zero through five are contained entirely within the
CHA, while towers six through eight are completed by the WHA. Tower nine passes
through only the WHA. Like the CEM, the CHA and WHA are based on a scintillator-
absorber sandwich. The CHA and WHA employ steel as the absorber, with a plate
thickness of 2.5 cm in the CHA and 5.1 cm in the WHA. Both detectors use 1 cm
thick scintillator. The energy resolution for single charged pions was measured in a
test beam to be

(@)2 _ (%)2 1 3% (3.5)
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3.4.3 Plug Electromagnetic and Hadron Calorimeters (PEM
and PHA)

The 71 coverage of the CDF calorimeter is continued beyond || > 1.1 by the plug
and forward calorimeters. The plug calorimeter instruments the region 1.1 < || <
2.4. Although the boundary between the central and plug calorimeters is small, a
significant reduction in response is observed for showers occurring there. This feature
of the calorimeter is known as the 30° crack.

The plug is divided into two identical parts, one for the east side of the detector
and one for the west. It is segmented into projective towers which point back to the
nominal interaction point with a tower size of 0.1 units in 17 and 5° in ¢. The plug is
also segmented in depth into electromagnetic (PEM) and hadronic (PHA) modules.

Like the central calorimeter, the plug is a sampling calorimeter with lead as the
absorber in the electromagnetic portion and steel in the hadronic portion. However,
instead of a scintillator active medium, the plug uses gas proportional tubes. The
tubes consist of a conductive plastic filled with a 50/50 mixture of argon-ethane
gas and a central high voltage wire which act as an anode. Each layer of tubes is
located next to a set of cathode pads, and these pads are etched to form the projective
geometry of the calorimeter. During an electromagnetic or hadronic shower the gas in
the proportional tubes is ionized by the charged particles of the shower. The ionization
electrons induce signals on both the wires and cathode pads, and the charge observed
on the pads is used to estimate the energy and location of the shower. In the PEM the
various layers of pads are ganged together into three groups to provide three energy
measurements as a function of depth, while in the PHA all layers are summed for one
measurement.

The resolution of the plug has been measured in a test beam with electrons and
pions. The PEM resolution is

(CT(EE)> = (%) + (2%)? (3.6)

and the PHA resolution is

(@)2 - (%)2 + (4%)° (3.7)

3.4.4 Forward Electromagnetic and Hadronic Calorimeter (FEM
and FHA)

The forward calorimeter instruments the 7 region between 2.4 and 4.2 with electro-
magnetic and hadronic modules. Like the plug, the forward calorimeter is composed
of two identical detectors for the east and west sides of the collision hall and uses the
same proportional tube - cathode pad readout technology. The electromagnetic and
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hadronic modules use lead and steel as their respective absorbers, and the cathode
pads are ganged together to form two energy measurements as a function of depth
in each module. At the highest n regions the towers of the forward calorimeter are
truncated in depth in order to provide space for the Tevatron’s low-beta quadrupole
magnets.

The resolution of the FEM as determined by test beam is

(@) _ (%) %) (33)

and the FHA resolution is

<%> - (%) + (4%)° (3.9)

3.5 Beam-beam counters (BBC)

In addition to providing energy measurements, the forward calorimeter also acts a
mount for a system of large scintillator telescopes which covers the n region between
3.2 and 5.9. Since any inelastic interaction will produce charged particles in this
region, a coincidence between the east and west 'beam-beam counters’ signals a pp
interaction.

This information serves two purposes. First, it triggers the data acquisition system
to produce a minimum-bias data sample consisting of typical pp events, which is useful
to study the general properties of the experimental environment. Secondly, the BBC
also measure the instantaneous luminosity of the Tevatron collider, a number which
goes directly into all CDF cross sections.

The procedure for extracting the luminosity is as follows. The BBC data is used
to count the number of beam crossings in which no inelastic pp interaction occurred.
Since the number of interactions per crossing is Poisson distributed, by measuring
the number of 'misses’ we can infer the average number of interactions per crossing.
The total inelastic cross section is known from a previous CDF measurement to be
51.15 + 1.6 mb [32], so the average number of interactions translates directly to a
measurement of the instantaneous luminosity. To determine the total luminosity of
a CDF dataset we integrate over the instantaneous luminosity observed during the
live-time of the detector in that data. This procedure is accurate to 4.1%, and we
take that as a systematic error on our cross section measurements.

3.6 Trigger

As noted above, the Tevatron produces a beam crossing every 3.5us, and several
pp interactions may occur during each crossing. The data from the various detector
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components is written to magnetic tape for offline study, but the amount of data
and the speed of the tape drives is such that only about 10 events per second can be
saved. Therefore it is necessary to begin the data reduction process in real time as the
data is collected. For this purpose CDF has implemented a three level trigger system
which selects only the most interesting events for archiving. Since the physics goal of
the experiment are broad, there are many different ways for a given event to pass the
trigger. We will discuss here only the trigger paths used for the direct photon cross
section measurement: an 8 GeV electron trigger, and a 23 GeV photon trigger.

3.6.1 8 GeV electron trigger

The first level of the trigger (Level 1) is required to decide within the 3.5us bunch
crossing time whether or not the most recent event should be discarded. For the 8
GeV electron sample Level 1 requires that energy be deposited in the CEM. For the
purpose of measuring CEM energy quickly, the trigger organizes the 10 towers in each
CEM wedge into 5 pairs of neighboring towers. These pairs of towers are referred to
as 'trigger towers’, and the energy in the two towers is summed together. To convert
the total energy to transverse energy (E7), the trigger multiplies the observed signal
amplitude in each trigger tower by a value for sin @ that was calculated by assuming
that the interaction occurred at z = 0. If the estimated Fr is greater than 8 GeV,
then the event is sent to trigger level 2 (Level 2).

The Level 2 trigger takes ~ 20us to make a decision, and during this time all new
beam crossings are ignored. The Level 2 trigger possesses a hardware calorimeter
cluster finder, allowing for a re-evaluation of the energy found at Level 1. The cluster
finder combines neighboring trigger towers using two algorithms. The first algorithm
requires a 'seed’ tower of at least 5 GeV, and neighboring towers with more than 4
GeV are added to it. The second algorithm requires an 8 GeV seed tower and 7 GeV
neighboring towers. The cluster finder also measures the hadronic fraction of the
cluster by comparing the energy in the CHA and WHA towers to the energy in the
CEM. For the 8 GeV electron trigger, we require that the energy be less than 12.5%
hadronic. The cluster finder produces a list of the location and E7 of all clusters.

During Run Ib a second hardware cluster finder known as the XCES was used to
locate showers observed by the wire chambers in the CES. The XCES produces a list
of the ¢ position of all such CES clusters.

Level 2 also makes use of a hardware track finder called the Central Fast Tracker
(CFT). The CFT searches the hit information from the CTC for evidence of high pr
tracks. It does this by comparing the observed hit patterns in the axial superlayers to
the expected hit patterns of real tracks. The CF'T produces a list of candidate tracks
with their pr and location in the chamber. These tracks are extrapolated to the radius
of the CEM and compared with the location of the CEM and CES clusters. For the 8
GeV electron trigger, Level 2 requires a CFT track with pr > 7.5 GeV which points
toward a CEM cluster with Er > 8.0 GeV and a XCES cluster. Events passing these
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requirement are sent to the third trigger level (L3) for further processing.

At L3 the event data is passed to a 'farm’ of 64 Silicon Graphics processors which
analyze the event with a simplified version of the full offline reconstruction code. The
offline CEM clustering and CTC tracking routines are run giving improved measure-
ments of the electron Fr and pr. In addition, several electron quality variables are
calculated and L3 rejects events which appear to be fake electrons. These quality
variables are discussed in detail in section 4.3.3. L3 passes electron candidates with
have Er > 8.0 GeV and pr > 6.0 GeV. These events are then written to tape.

3.6.2 23 GeV photon trigger

We use a second trigger with an Ep threshold of 23 GeV to measure the photon
cross section at high pp. This trigger allows, but does not require, that a track be
associated with the EM cluster, and we refer to it as a 'photon’ trigger.

Like the 8 GeV electron trigger, this trigger requires an 8 GeV EM cluster at
Level 1. The Level 2 trigger raises the Er threshold to 23 GeV, and also requires an
associated XCES cluster. In addition, the 23 GeV photon trigger adds an isolation
requirement to the EM cluster in order to reduce the trigger rate to an acceptable
level. The isolation of the photon is calculated by a neural net board, which sums the
energy found in the calorimeter in a 5x5 grid surrounding the photon candidate. The
neural net calculates an isolation quality variable which is then used to discriminate
against un-isolated EM clusters. The neural net cut corresponds to roughly 4 GeV
of energy in a cone of radius AR = 0.4 surrounding the photon. For this trigger no
events are rejected by Level 3, so all events passing Level 2 are written to tape.

3.6.3 Trigger summary

The trigger requirements of our two datasets are summarized in Table 3.1.
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8 GeV electron data

Level 1 8 GeV trigger tower
Level 2 8 GeV Level 2 CEM cluster
7.5 GeV CFT track
XCES cluster
Level 3 Er > 8.0 GeV
pr > 6.0 GeV

electron ID cuts

23 GeV photon data

Level 1 8 GeV trigger tower
Level 2 23 GeV Level 2 CEM cluster
neural net isolation
XCES cluster
Level 3 no requirements

Table 3.1: Summary of the trigger requirements of the two datasets.
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Event variables and data selection

The selection of the events to be used in the photon cross section measurement
begins with the online trigger system described in the previous chapter. We make
further cuts offline in order to isolate a sample of events in which the signal can be
reliably separated from the background. Some cuts are chosen to discriminate against
background while efficiently retaining the signal events. Others, such as fiducial
requirements, are made in order to insure that the event has been well measured by
the detector. During data selection it is important to only make cuts whose efficiency
to accept real signal events can be measured in the data or can be predicted by the
Monte Carlo. The efficiency of the signal to pass all the selection cuts will be used
to correct the observed number of signal events to the number of produced signal
events, and the error on the efficiency translates directly to an error on the final cross
section.

We begin this chapter with a discussion of the variables we will use to select the
data and measure the cross section. We then explain in detail each cut.

4.1 Event variables

4.1.1 Er

The electron transverse energy is measured by the CEM. Typically the energy of
an electromagnetic shower is deposited in one or two CEM towers. To be safe we use
a three tower cluster: a seed tower whose energy is required to be greater than 5 GeV,
and its two neighboring towers in 7. Clusters do not include towers from neighboring
wedges. Clusters are also not allowed to cross the 90° crack, so if the seed tower is
tower 0 in Figure 3.8, then only two towers are included in the cluster.

Each phototube produces a voltage signal whose time integral is proportional to
the number of photons incident upon its photocathode. The photons produced by
the scintillator in the electromagnetic shower are attenuated as they travel to the
wavelength shifter located at the end of the tower. Consequently the energy observed

33
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at each end depends on the location of the shower inside the tower. If = is the
position of the shower measured along the length of the scintillator from the center
of the tower, then with an appropriate energy calibration the integrated signal seen
by the two phototubes A and B located at x = +24.5 cm is

A= Ee (4.1)
B = FEe ™ (4.2)

where FE is the energy of the shower and A is the attenuation length of the scintillator.
For the CEM, A\ = 68 cm. The geometric mean of the two phototube energies gives
the energy of the shower independent of its location: E = v/AB.

The total cluster energy is the sum of the energies observed in each tower. Cluster
energy is converted to transverse energy according to Er = E/v/1+ cot? 6, where
cot 6 is taken from the highest py track pointing at the cluster.

Small changes are made to the measured FEp to correct for time and position
dependent changes in the response of the CEM. The time-dependent corrections are
measured using the Er/pr of isolated (non-conversion) electrons by assuming that the
pr measurement is independent of time. (This is assured by CTC calibrations based
on the J/1) — p*p~ resonance.) Studies show that the gain of the CEM decreased by
4% during Run Ib. This is illustrated in Figure 4.1 where the mean Er/pr between
0.9 and 1.1 of W — er and conversion electrons is shown versus run number. After
applying the correction Er/pr is independent of time. Similarly, the CEM response
also depends on the location of the cluster within a CEM wedge. This 'mapping’
correction was measured in the test beam as well as data, and is shown as a function
of the ¢ and z position of the shower within the tower in figures 4.2 and 4.3.

The Er distribution of the two final data samples is shown in Figure 4.4

4.1.2 Raw and vertexed pr

The transverse momentum of all tracks is measured by the CTC. The CTC recon-
struction code performs the pattern recognition and track fitting described in chapter
2. This results in measurement of the five track parameters for each track and an es-
timate of their 5 x 5 covariance matrix. We will refer to this momentum measurement
as the 'raw pp’.

Most of the tracks that we will be concerned with in this thesis are the result of
a photon conversion. When a photon converts in material, the final state electron
and positron are produced parallel to each other. This unique geometry allows us to
add a constraint to the CTC track fit which improves the momentum resolution of
our measurement. This is done in the following way. We hypothesize the location
of the conversion in the detector and the 3-momenta of the two produced particles.
We require that the momentum vectors be parallel, but we do not require that they
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Figure 4.1: The mean E7/pr of CEM electrons plotted versus run number. Run
55000 occurred in January 1994, and run 72000 was in July 1995. Both W — ev
and conversion electrons are shown, before and after the CEM energy corrections are
applied.
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Figure 4.2: The mean Er/pr of CEM electrons plotted versus the ¢ position of the
cluster inside the CEM tower. Here ¢ is transformed to the distance from the center
of the tower (local x) by multiplying by the radius of the CEM from the center of
CDF. Both W — ev and conversion electrons are shown, before and after the CEM
energy corrections are applied.
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Figure 4.4: The electron E7 distribution of conversion events.

point back to the beam spot . We then extrapolate the tracks to the CTC, and
we compare the hypothesized track parameters to those measured by the CTC. To
perform the comparison, we use a x? defined by

2=Ad -G A+ Ady - Gy Ady (4.3)

where Aa; 5 is the difference between the measured and hypothesized track param-
eters for the two tracks, and CN’LQ are the covariance matrices. We vary the location
of the conversion and the momenta of the two tracks until the x? is minimized. This
results in an improved estimate of the pr of the two tracks and the location of the

!The lack of a beam constraint in the vertex fit was an oversight. By using a beam constraint
in addition to the vertex constraint the pr resolution may improve by as much as 15%. This would
improve the statistical errors associated with the E/p background subtraction. However, the final
errors on the cross section are systematically limited.
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conversion inside the detector. We will refer to this pr measurement as the 'vertexed

)

pr -
The conversion geometry which allows us to perform the vertex fit also creates

some difficulties. Because the electron and positron have opposite charge, they bend
in opposite directions and separate from each other in the solenoidal field of the
tracking detectors. However, depending on the momenta of the tracks and the location
of the conversion point, these particles are often very close to each other as they
pass through the first superlayers of the CTC. This situation creates difficulties for
pattern recognition and track fitting. For example, once a given wire has registered
the presence of a hit that wire becomes insensitive to further hits which follow in the
next ~ 20 nanoseconds. Since the drift velocity of the ionization electrons in the gas
is 50 pm/ns, this means that two hits cannot be distinguished if they are separated
by less than a millimeter within a cell. Consequently, the pattern recognition will
assign the hit to one of the two tracks and record a miss for the other track. Since
the tracking code is not optimized to handle such situations, this often results in a
biased fit for the track pr and a distorted covariance matrix.

One effect of this distortion is shown in Figure 4.5. In the top plot we show the
E/p distribution of the 23 GeV photon data sample using both the raw and vertexed
pr. The peak at E/p = 1 is due to the single photon signal, and the long tail at
high E/p is from backgrounds. After vertexing the tracks the E/p peak becomes 30%
more narrow, indicating that the tracking resolution has improved. In addition, the
mean of the peak shifts by about 4%. In the lower half of the plot the change in the
pr due to the vertex fit is shown.

The conversion pr bias is also displayed in Figure 4.6. Here we plot the average
fractional change in the pr of each track after vertexing as a function of the track
pr. Both the 8 GeV electron data and 23 GeV photon data are shown, and we find
that the bias increases with pr and is much larger in the 23 GeV photon data. This
is expected if the bias is due to hit overlap in the CTC. For example, when the
secondary track is soft ( 1 GeV) it separates from the trigger electron quickly. This
is a common situation in the 8 GeV electron data due to the 2 tower requirement
(which is discussed in section 4.2). In the 23 GeV photon data we often have two stiff
tracks, which may not be distinguishable until the third or fourth layer of the CTC.
Therefore hit level effects become very important in these data.

If the raw pr and the covariance matrix were unbiased then we would expect the
vertex fit to improve the pr resolution but not shift the mean. Therefore the shift
observed in the data is an indication of the non-ideal nature of conversion tracks. For
most purposes we use the vertexed pr because we expect that the vertex constraint
will have the effect of removing some of the distortion.

The radius of conversion distribution of the 8 GeV electron data is shown in Figure
4.7, before and after vertexing. (The un-vertexed radius of conversion is the radius at
which the two tracks are parallel to each other.) Various structures are visible in the
plot, including the SVX, VTX, and CTC inner cylinder. There is also a Dalitz peak
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Figure 4.5: Effects of conversion track distortion. Top: E/p distribution of the 23
GeV photon data before and after the vertex fit. The fit improves the width of
the E/p peak by 30%, and shifts the mean by 4%. Below: fractional change in the
conversion pr after vertexing. The non-zero mean indicates that the raw CTC fit is
biased for conversion tracks.

due to 7 — ete vy decays and v* — ete™ at zero radius. The vertex fit improves
the resolution enough that the VITX outer can and the CTC inner cylinder become
distinguishable.

In Figure 4.8 we show the impact parameter of the conversion photon, before and
after performing the vertex fit. The impact parameter is measured from the beam
position, which is determined on a run-by-run basis with the SVX detector. The
width of the beam spot is tens of microns, so the 0.5 mm width in the observed
impact parameter is dominated by the CTC resolution. The vertex fit makes a very
small improvement in the resolution.
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Figure 4.6: Conversion pr bias versus pr. The points are the average fractional change
in the conversion track pr after the vertex fit. Both conversion tracks are included,
so each event contributes two entries. The bias increases with track pr, and is larger
for the 23 GeV photon data. This is consistent with the bias being associated with
hit overlap in the inner superlayers of the CTC.

4.1.3 sep

In a photon conversion, the final state electron and positron are produced parallel
to each other at a single point. We define sep as the measured distance between
the tracks in the x-y plane at the point where they are parallel. Since the particles
are created at a single point, the true value of sep is zero for a real conversion.
As shown in Figure 4.9, sep is positive if their trajectories overlap each other, and
negative otherwise. The sep distribution of C'TC inner cylinder conversion candidates
is shown in Figure 4.10.
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Figure 4.7: Vertexed and un-vertexed radius of conversion distribution in 8 GeV

electron data. The peak at r = 0 labelled 'Dalitz’ is due to 7° — ete~v decays and
* + .-

v —eTe

4.1.4 Acotd

The solenoidal magnetic field separates the electron and positron in the z-y plane,
but not in z. Consequently the two tracks have identical cot 6. A cot @ is the difference
in the track cot@’s, and its true value is zero for a real conversion. The A cot6
distribution observed for CTC inner cylinder conversion candidates is shown in Figure
4.10.

4.1.5 20

In most events we have two measurements of the electron track zp; one provided
by the VIX and one returned by the CTC track fit. If the CTC 2z, is within 5 cm
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